expressed, maLY can complement a ptsG ptsM'double mutant for growth on glucose. Also, a AmalE malT (Con) strain that is unable to grow on maltose due to its maltose transport defect becomes Mal' after introduction of maU::TnlO and the plasmid carrying maLY. MalX-mediated transport of glucose and maltose is likely to occur by facilitated diffusion. We conclude that maiX encodes a phosphotransferase system enzyme II that can recognize glucose and maltose as substrates even though these sugars may not represent the natural substrates of the system. The second gene in the operon, malY, encodes a protein of 43 ,500 daltons. Its deduced amino acid sequence exhibits weak homology to aminotransferase sequences. The presence of plasmid-encoded MalX alone was sufficient for complementing growth on glucose in a ptsM ptsG glk mutant, and the plasmid-encoded MalY alone was sufficient to abolish the constitutivity of the mal genes in a malK mutant. The overexpressio'n of malY in a strain that is wild type with respect to the maltose genes strongly interferes with growth on maltose. This is not the case in a malT(Con) strain that expresses the mal genes constitutively. We conclude that malY encodes an enzyme that degrades the inducer of the maltose system or prevents its synthesis.
The maltose-maltodextrin system of Escherichia coli consists of a number of genes coding for proteins whose function is the uptake and metabolism of maltose and maltodextrins (23, 58, 65) . The system is regulated by MalT, a transcriptional activator that is needed together with the inducer for the expression of all maltose-regulated genes (54) . In vitro transcription experiments with purified MalT have shown that, of all dextrins tested, only maltotriose is effective in stimulating the action of MalT. This is in contrast to the in vivo situation, where the maltose system is induced by the presence of maltose or maltodextrins in the growth medium (53) . Null mutations in malT no longer express the mal genes, whereas point mutations in malT [malT(Con)] have been isolated that express the maltose genes constitutively (18) . In most of these mutants, MalT exhibits a higher affinity for maltotriose (15) .
The transport system for maltose and maltodextrins is a multicomponent, binding protein-dependent system (16, 28, 69) . One of its subunits, MalK (70) , has several functions. (i) It contains an ATP binding site (13, 26) such as is found in all analyzed corresponding components of other binding protein-dependent transport systems (29) as well as in other transport-related proteins of procaryotic and eucaryotic origin (29) . The ATP binding site in MalK is thought to be responsible for the energization of active transport (44) . (ii) MalK is the target for inducer exclusion, mediated by the malI maIX malY GENE CLUSTER OF E. COLI 4863 (49) that is homologous to the hisC gene product (27) (38) . Plasmid-directed protein syn minicell-producing strain DS410T (36) was d4 method of Meagher et al. (41) with the modi scribed by Reeve (55) . Labeling with 10 pCi of l nine (1,000 mCi/mmol; Amersham) was for 1 Sodium dodecyl sulfate (SDS)-polyacrylamide phoresis was carried out on 12% polyacrylami4 with the buffer system of Laemmli (35) . The sa routinely heated at the temperature of boiling wai before they were loaded onto the gel.
Probe labeling and selection of the chromo: fragment containing maLX and malY. We coli. The sequenced region containing malI-maiY malY was computer analyzed for the restriction sites of the restriction endonucleases used to construct the physical map of E. coli (31) and found to fit well to kb 1715 to 1720 of the map corresponding to 36 min on the genetic map of E. coli (2) . The HincII fragment of pJR1 was used as probe to isolate the chromosomal PvuII fragment containing the entire maiX and malY genes. The black boxed area of pJR1 indicates the multiple cloning site on mini-Mu used to clone malI (56) . Vector DNA ( ) and the mail, maiX, and mal Y genes ( M ) are indicated. In pJR105 the malY gene is interrupted by the deletion of an XmnI fragment. The lacZ gene ( ) was fused in frame to malY, maiX, and malI by ligating the appropriate fragments form pNM481, pNM482, and pNM480 (45), respectively, after digestion with the indicated restriction enzymes into JR102. pJR108 is described in Material and Methods. pJR115 carries the SmaI-HindIII fragment of pJR102 in ptrC99, placing malY under trc promoter control. pJR116 is a pJR102 derivative carrying a TnphoA insertion. The phoA transcriptional direction is opposite to that of maiX and had occurred between nucleotides 565 and 566 (see Fig. 5 (2) and in agreement with previous mapping data (19) . There were a few minor deviations between our restriction analysis and the physical map. The BamHI site reported at kb 1716 consisted of a doublet of two BamHI sites. Also, the EcoRV site that should be present within the cloned chromosomal fragment of pJR101 could not be found. From the orientation of malX and malI on the various plasmids and the comparison with the physical map, one can conclude that malI is transcribed counterclockwise and that maiX and malY are transcribed clockwise.
We had previously reported (56) that plasmid pJR1, harboring mall, contained within the 5' end of the malX gene (to the right of the second HincII site of pJR1 in Fig. 2 ) the restriction sites SstII, BamHI, AvaI, SmaI, and EcoRI. As will be explained below (sequence of malX), these sites originate from the multiple cloning site of mini-Mu that had been used to clone malL. Therefore they do not belong to restriction sites of the chromosomal insert.
Expression of malX and malY in minicells. Plasmids to be tested for their encoded proteins were transformed into the minicell-producing strain DS410T (36) . After the plasmidencoded proteins were labeled with [35S]methionine, they were analyzed by SDS-polyacrylamide gel electrophoresis followed by autoradiography (Fig. 3) . The plasmids pJR101, pJR102, and pJR103 (Fig. 2 (62) , and deletion fragments were obtained by partial T4 polymerase treatment (14) . The lengths of the sequenced portions and their individual start points are shown in Fig. 4 . To sequence one strand of the 1.26-kb fragment, we used synthetic primers (AR1 through AR4). The DNA sequence and the deduced amino acid sequence of the three coding regions of the entire FspI fragment are shown in Fig. 5 (56) . malX and malY are preceded by sequences representing good ribosomal binding sites (67) . According to the above sequence, the malX gene encodes a protein of 530 amino acids with a molecular weight of 56,654 and malY encodes a protein of 390 amino acids with a molecular weight of 43,500. From its position, its induction pattern (Table 2) , and the polar effect on malY of an insertion in malX (Table 3) , it is clear that malY is the second gene in an operon with malX, but it is not clear whether malY is the last gene in this operon.
We noticed that the 5' portion of the malY gene contains The two fragments were cloned into M13mpl8 and M13mp19, and overlapping deletions extending in both directions were created by digestion with T4 polymerase (14) . The 1.26-kb PstI-FspI fragment was sequenced in one direction by using oligonucleotide primers (17-mers, AR1 to AR4). In addition, three Hincil fragments (Fig. 2) were cloned into M13 and sequenced as indicated.
stretches of sequence that would allow the formation of two stable stem-and-loop structures exhibiting AGs of -25.2 and -21.4 kcal (ca. -105 and -89.5 kJ), respectively (calculated by the method of Tinoco et al. [77] ). The possible significance of these structures is unknown and was not further pursued.
We had previously sequenced the 5' portion of malX (56) encoding the first 171 amino acids. The present sequence (Fig. 5 ) was identical only up to amino acid 119. From amino acids 120 to 171, both the amino acid sequence and the DNA sequence were entirely different. Closer analysis revealed that pJR1, the plasmid used in the previous study, still carried the MuS end with the multiple cloning site from mini-Mu fused to the 3' end of malX. Its deduced amino acid sequence was in frame with malX.
Homology of Ma1X to EIUGC and EHNg of the PTS. A computer-aided search for protein sequence homology with the Fasta program of Pearson and Lipman (48) revealed that MalX was homologous to EIIOic (20) and EIINag (50, 59 ) of the PTS. When small gaps were introduced for optimal alignment (Fig. 6) (Fig. 6) showed that 161 amino acids were identical, resulting in 32.1% identity in a stretch of 461 amino acids. EIINg is much larger than MaiX or EIIGIC. The entire C-terminal sequence of EIINag that corresponds to the sequence of EIIIGiC (50, 59 ) is missing in MalX.
The homologies of MaIX to EIIGlC and EIIN'g are clustered, and they coincide with domains that are conserved in several EII proteins (50, 61) . Around position 471, corresponding to the essential cysteinyl residue 421 in EIIGiC (46) , the sequence is highly conserved (Fig. 6) . The corresponding sequence has also been found in several different EIIs (78). Peri and Waygood (50) reported that there are three conserved histidinyl residues in several EII proteins that might be involved in phosphorylation. Two of these conserved histidinyl residues can also be found in MalX at positions 240 and 356. The third, at position 264, is exchanged for serine.
Two regions that do not contain cysteinyl or histidinyl residues but that are highly conserved between MalX, EIIGlC, and EIINag are from isoleucine 168 to isoleucine 185 of MalX and from glycine 301 to alanine 308 of MalX. All of these conserved sequences include or overlap regions that have been defined by Peri and Waygood (50) as being conserved in many different Ells (no. 1 to 6 in Fig. 6) .
A Kyte and Doolittle hydropathy plot (34) of MalX and EIIGiC is shown in Fig. 7 . The structures of the two proteins are very similar. The MaIX protein appears to be different from EIIGlC in only three stretches: one is between amino acids 110 and 150, the second is around amino acids 250 to 300, and the third is at the carboxy terminus. The predicted topological similarity of the two proteins can be observed even in regions of little sequence homology. The same comparison of MaIX with E 9 reveals very little similarity (data not shown).
Homology of MalY to aminotransferases. Comparison of the deduced amino acid sequence of MalY with the most recent EMBL protein sequence data base (24) revealed 21.3% identity in a 357-amino-acid overlap with protein OrfY from B. subtilis; the function of OrfY is unknown but is apparently essential (49) . In turn, OrfY exhibits homology to the E. coli imidazolylacetolphosphate:L-glutamate aminotransferase, the hisC gene product (27) . The alignment of the three proteins is shown in Fig. 8 . The comparison also indicates the 12 amino acid residues that have been found invariant in most aminotransferases (42) . Seven of these conserved amino acids can be found at the corresponding position in MalY.
MaUI regulates the expression of maLK and malY as well as its own expression. We had previously reported that the intergenic region between mall and malX, cloned on a multicopy plasmid, reduced the expression of 4D(malK::lacZ) in a malI+ strain, supposedly by binding and therefore eliminating the repressor protein for malX. Since the identical palindromic operatorlike sequences 01 and 02 were found within the nontranslated regions of both mall and malX, it was likely that MalI controlled not only the expression of maiX but also that of mall itself (56) . To (Table 4) . We observed growth after 3 days in strains carrying malX alone and weaker growth with strains carrying malX and malY but no growth in strains carrying malY alone or the vector plasmid. Growth on maltose was clearly dependent on the presence of the maltose enzymes, since the introduction of malT::TnJO abolished growth. This had to be tested in a different set of strains, since the above AmalE mutant did not allow the easy introduction of malT: :TnlO. Strain REI7 does not transport maltose and does not grow on maltose because of its malK::lacZ fusion; it lacks malI and malX on the chromosome and expresses the maltose genes constitutively (56) . After the introduction of plasmid-encoded malX, the strain grows after 3 days on maltose-containing plates, but its derivative carrying malT: :TnlO does not. Surprisingly, with overexpression of ptsG the same set of strains also showed EIIGIc-mediated growth on maltose. Since the maltose degradative enzymes amylomaltase and maltodextrin phosphorylase are geared for the utilization of unphosphorylated maltodextrins and no MalT-dependent maltodextrin phosphate-degradative enzyme has been found yet, it follows that MalX and EIIGiC are likely to transport maltose by facilitated diffusion without phosphorylation.
MalX exhibited homology not only to EIIGJC but also to E1INag. However, the introduction of mall::TnJO into a nagE mutant (strain LR2-167) that was unable to transport N-acetylglucosamine did not allow growth on this amino sugar.
Role of MaIX and MalY in downregulating the maltose system. We had previously proposed that maiX codes for an enzyme that eliminates an as yet undefined endogenous inducer of the maltose system and that the expression of malX is controlled by malI, the product of which functions as a repressor (56) . With the present knowledge of two genes in the operon and the conclusion that MaIX is a PTS EII, it was of interest to test whether malX alone or both malX and malY were necessary for the repression of the malK::lacZ fusion in a strain lacking malI and malX. In particular, it seemed plausible that it was the removal by PTS-mediated phosphorylation of internal glucose that abolished endogenous induction of the maltose system. The data shown in Table 3 demonstrate that this is not the case. Plasmid pJR102 (containing maiX and malY) reduced malK::lacZ expression, whereas pJR105 (carrying malX alone) did not, even though it was sufficient to complement a ptsG ptsM glk mutant for growth on glucose. Similarly, the expression of ptsG from E. coli or of glk from Zymomonas mobilis (3) did with the ability of the strain to grow on maltose. This was not not reduce the expression of the malK::lacZ fusion when the case with strain JB3018-2 carrying a malT(Con) mutatested on X-gal-containing indicator plates. On the other tion.
hand, plasmid pJR115, expressing oinly malY by the IPTGCell extracts of strains carrying pJR115 that had been inducible trc promoter, strongly reduced the expression of grown in the presence of IPTG contained the MalY protein the malK: :lacZ fusion, even in the absence of IPTG. Thus, it as a prominent Coomassie blue-stained band of 42,000 is clear that only the second gene in the malX malY operon molecular weight when analyzed by SDS-polyacrylamide gel is responsible for controlling the endogenous induction of electrophoresis (data not shown). In contrast to the expresthe maltose system. The plasmid-derived overproduction of sion of maiX, the overexpression of mal Y was well tolerated MalY in the wild-type strain MC4100 strongly interfered by the cell. Fig. 5 ) in which phoA is oriented in the opposite transcriptional direction from maiX (Fig. 2) . pJR116 was unable to complement a ptsG ptsM glk mutant for growth on glucose and no longer reduced the expression of .F(malK::lacZ) ( Table 3 ). Since malY is affected in its expression by the polar insertion of TnphoA in malX, it is clear that both genes form an operon with malX as the promoter-proximal gene and malY as the promoter-distal gene.
DISCUSSION
Sequence analysis of malX combined with mutant analysis allowed us to identify a novel PTS EIl in E. coli that is able to recognize glucose and maltodextrins. Three lines of evidence support this conclusion: (i) the sequence of maIX is highly homologous to ptsG coding for the major PTS EII for glucose (20) ; (ii) when MalX was overproduced in a ptsG ptsM glk malI mutant, growth on glucose was restored; (iii) when MalX was overproduced in a strain lacking the binding protein-dependent transport system for maltose but contained the maltose degradative enzymes constitutively, the strain regained the ability to grow on maltose.
Uptake and metabolism of glucose in E. coli can be achieved in several ways. The major route is EIIGiC (ptsG)-mediated uptake and phosphorylation. Similarly, EjIMan (ptsM) is able to recognize, transport, and phosphorylate glucose (21, 73) . Glucose can also be taken up without chemical alteration by at least two active transport systems: one is the proton motive force (PMF)-dependent galactose transport system (galP) (37) . Glucose is not an inducer of the GalP transport system. Thus, for growth on glucose the system has to be induced by the nonmetabolizable D-fUcose, or galR mutants, which express galP constitutively, have to be used (7) . The other transport system capable of recognizing glucose is the galactose-binding protein-dependent transport system for galactose and ,8-methyl galactoside, encoded by mgl (60, 64) . This system is highly sensitive to catabolite repression (4) and can be expressed only when glucose cannot enter via a PTS-dependent route. Glucose transported by either the PMF-dependent GalP system or the binding protein-dependent Mgl system must be phosphorylated internally by glucokinase (glk) (12) . Since ptsG ptsM mutants cannot grow on glucose, it follows that the chromosomally encoded malX system is not sufficiently expressed to allow growth. A strain that is in addition mall::TnJO and constitutively expresses maiX-malY can grow on glucose, provided that glucokinase is present. This strongly indicates that Ma1X mediates glucose transport by facilitated diffusion. Only overexpression from a plasmid-encoded malX gene (in a mall mutant) allows growth on glucose in a ptsG ptsM glk mutant, demonstrating that MalX is also able to mediate vectorial phosphorylation of glucose, possibly in combination with EIIIGIc.
MaIX is also able to recognize and transport maltose, again most likely by facilitated diffusion. Strains that lack the high-affinity and binding protein-dependent transport system for maltose and that express the maltodextrin degradative enzymes constitutively are able to grow slowly on maltose after introduction of the malX-containing plasmid in a background that is lacking mall (constitutive expression of malXmalY). Since all known maltodextrin-utilizing enzymes of E. coli, in particular amylomaltase and maltodextrin phosphorylase, recognize the free (nonphosphorylated) sugars, it appears very likely that MalX-mediated transport of maltodextrins occurs as a free sugar without concomitant phosphorylation. Transport trations of radioactive maltose have not given any significant rates of uptake (data not shown). EII-mediated facilitated diffusion is not without precedent. Supposedly EIIGlc-mediated facilitated diffusion of galactose in the absence of the general PTS components has been reported (32) . Although EIIGlc-mediated uptake of glucose in the wild type always occurs by vectorial phosphorylation, mutations in EIIGIC have been isolated that uncouple transport from phosphorylation (51) . Apparently these mutations are not rare events; they result in a dramatic increase of the apparent Km (>10 mM) without affecting the Vmax of glucose transport (60) .
From all of these considerations it appears that glucose and maltodextrins may not be the natural substrates of the MalX system. From its glucose-recognizing capabilities one could argue that MalX might effectively transport a glucosecontaining di-or polysaccharide. So far, we have excluded trehalose (7), cellobiose (47) , and ,B-glucosides (63) as possible major substrates (data not shown). On the other hand, one might argue that the malX system represents a former glucose-maltodextrin transport system, outdated by evolution, that has lost its specific EIII for phosphorylation. The system was replaced by the more efficient high-affinity and binding protein-dependent maltose transport system. Possibly, the ptsG gene has evolved by duplication of the ancient maiX gene and has become specialized for the utilization of glucose, the smallest member of the maltodextrin family, which is no longer recognized by the modern maltose transport system. The reason for analyzing the malI-maiX mal Y gene cluster was its relation to the endogenous induction of the maltose system: the malI mutation had been discovered because of the loss of high expression of a malK::lacZ fusion (19) . The subsequent finding that malI encodes a repressor protein led to the conclusion that the genes (malX malY) that are repressed by MalI encode enzymes that would eliminate an endogenous inducer of the mal system (56) . The discovery reported herein that MalX is homologous to EIIGIC and that it can complement a glucose transport defect seemed at first relevant to the endogenous induction of the maltose system. Could not glucose itself be the endogenous inducer? The function of the MalX-MalY system would then be to eliminate internal free glucose by phosphorylation. This is clearly not the case. We could show that the expression of malX alone did not cause the reduction in the expression of (D(malK::lacZ), even though it complemented a glucosenegative growth phenotype. Also, the expression of ptsG (coding for EIIGIc of the PTS) (20) on a multicopy plasmid that is thought to also phosphorylate internal glucose had no effect on the expression of 'F(malK::lacZ). Similarly, the overexpression of the glucokinase gene from Z. mobilis (3) did not result in the reduction of 1t(malK::lacZ) expression.
As shown herein, the product of the mal Y gene alone was responsible for reducing 1D(malK: :lacZ) expression. We found that malY overexpression had such a dramatic effect in downregulating the maltose system that even wild-type strains were strongly affected in their ability to grow on maltose. The phenomenon was specific, since growth on glycerol or glucose was not affected. The situation is reminiscent of the overexpression of MalK (57) . As with MalK, the mal gene-repressing activity was observed only in a malT+ strain, not in a malT(Con) strain that is independent of an inducer. This indicates that MalY eliminates the endogenous inducer or prevents its synthesis. At present the enzymatic activity of MalY, if it is indeed an enzyme, is not clear. From the deduced amino acid sequence of MalY, the activity of an aminotransferase is indicated. The purification of the easily available protein will hopefully provide us with the answer.
